Abstract. In this paper, we report on our investigation into modelling and performance enhancement of a linear actuation system based on cantileveredtype conducting polymer actuators, which can operate in air and aqueous media. We have employed the model to predict the linear displacement and force output of the actuation system, and to determine the optimum values of the system design parameters. The linear actuation system is a five bar parallel mechanism, articulated with two polymer actuators. Kinematic and force analyses of the mechanism including numerical results are presented, and its payload handling ability was experimentally evaluated. The experimental results prove that it is possible to generate an accurate linear movement and a corresponding rectilinear force from this mechanism. This mechanism can be employed as a motion and force transmission mechanism, which not only has a light weight, but also consumes a small electrical power.
Introduction
Conducting polymers are favourable as actuators due to their low actuation voltage, high force output relative to their weight, good strain properties, light weight, simple structure and silent motion. The common materials used for actuators are Ionic Polymer Metal Composite (IPMC), and electroactive polymers (EAPs) such as Polypyrrole (PPy) and Polyaniline (PANI) [1] . Disadvantages of polymer actuators include low speed of response, cyclic fatigue and non-linearity, which increases difficulty in modelling and controlling the actuator [2] [3] .
Bending actuators have been successfully used in applications where a nonlinear motion is required, such as a fin in an artificial fish [4]and robotic fingers [5] . However, the bending motion may limit the control of actuators along a linear path. Conducting polymers have been used as actuators in applications such as medical devices, toys, digital camera accessories and artificial muscles for robots as developed by Eamex [3] . Various PPy linear actuator designs have been investigated, including were connected in parallel and immersed in a LiClO 4 aqueous solution, were able to produce a displacement of 60% of the actuator length in the longitudinal direction of the actuator. The use of linear actuators in air may provide an alternative when encapsulation of the electrolyte is not feasible. Yamakita et. Al [7] have developed an IPMC linear actuator for use in a biped walking robot. PPy actuators are used in applications where the oxidised or reduced position is maintained under a constant voltage, for which IPMC is not suitable as it will return to its original position. To overcome this limitation of IPMC, Thompson [1] adopted the design by Yamakita et al. using polypyrrole film as the active layers of a multi-layer actuator structure. Two methods of connecting the PPy film together to produce the linear design were employed by Thompson: (i) masking part of the film during PPy growth to create a flexible, electrically conductive hinge; (ii) electrically connecting the film with Cu tape, held in place with NdFeB magnets. This study implements the design investigated by Thompson using the second method of connecting the film together, as the method of masking allows the actuator to produce a clover-like shape under actuation, which impedes control and stability of the actuator. However, limitations arising through the use of Cu tape may include oxidation of the Cu, converting the tape to an insulator, thus limiting the actuation of the PPy components connected by copper tape. For optimisation of the PPy film in this study, the geometry of PPy bending actuators is limited to 50µm thickness and 4mm width as the charge distribution has been found to be no longer uniform at thicknesses greater than 50-60µm and curling is prominent at widths greater than 4mm, producing an increase in elastic stiffness of the actuator [2, 8] . These limitations are also expected to be evident in PPy linear actuators.
A significant amount of work to determine the performance of bending PPy actuators has been previously conducted [5, 8] However, the complexity and greater degree of variability in a linear actuator means that the performance of a bending actuator may not directly translate to linear actuators. The modelling of linear actuators is necessary to accurately predict the force, displacement and work outputs for control of the actuator in practical applications. Modelling and optimisation work on PPy bending actuators by Alici, Metz & Spinks [2] , in which a mathematical model to calculate the expected bending behaviour of PPy bending actuators was developed, and suggests that as the length of the actuator decreases, force output increases. This study has investigated the effect of the length of PPy components in linear actuators to determine if length has a similar effect on outputs in linear actuators. Combinations of 2mm, 3mm, 4mm wide and 10mm, 15mm and 20mm long linear actuators, where the length refers to the length of each component, were experimentally evaluated for force and displacement outputs. It was found that an increase in the length of the PPy links in the linear actuators allowed a greater range of motion, whilst shorter and wider actuators lifted greater loads. The linear actuators were also compared to bending actuators of corresponding dimensions and it was found that the bending actuators had a greater range of motion and the linear actuators lifted heavier loads. As the proposed linear actuation mechanism converts the rotational work into the linear work, ideally they are equal to each other, it is expected that while the displacement is decreasing, the force is increasing, and vice versa.
